Introduction
Studies of spermatogenesis at both the cytological and the biochemical level have added important insight into how cells undergo cytodifferentiation. Mammals, with their easily dissectable testes and their well-defined gradients of meiosis and spermatogenic differentiation within the seminiferous tubules, have been the subjects of most of these studies (for review see BellvC and O'Brien, 1983) . In comparison, and until recently, relatively little was known about spermatogenesis in sea urchins, which is somewhat surprising in view of the enormous amount of information about fertilization and early embryogenesis that has been generated for these organisms (for reviews see Giudice, 1973 Giudice, ,1986 Czihak, 1975) . It Supported by a grant from the National Institutes of Health (HD 19054) . RDW was supported by a Georgetown University pre-doctoral fellowship and an award from the Achievement Rewards for College Scientists (ARCS) Foundation.
* Correspondence ta Dr. David Nishioka, Dept. of Biology, Georgetown Univ., Washington, DC 20057. surface antigen during spermatogenesis, a monoclonal antibody that recognizes this antigen, MAb 51812, was used to probe testis sections. Indirect immunofluorescence microscopy detected the antigen throughout the BGE. Immunogold electron microscopy further localized it to the intracellular vesicles within spermatogenic cells of all stages. In mature spermatozoa the 210 KD surface antigen was detected not only on the sperm surfaces overlying the acrosomes and tails but also within the acrosome, suggesting the presence of an intracellular store of this antigen. Other than the occasional detection of antigen within the residual bodies of NPs, which contain phagocytosed spermatozoa, no antigen was detected in somatic cells of the testis, indicating that it is generated within the spermatogenic cells themselves.
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Like mammals, most sea urchins exhibit annual reproductive cycles in which the testes undergo very pronounced seasonal changes in size and structure. Seasonal changes in the gonadal walls of the ovaries and testes of Ar6mhpunctu/ata were first reported by Wilson (1940) . Noting that an exact knowledge of structure is essential to the analysis of function, she described the testes as pentastellate arborescent structures in the apical half of the body cavity. Thousands of acini branch from each of five gonoducts through which sperm are transported to and released from the five gonopores on the aboral surface of the sea urchin. Her descriptions concentrated on the outer layers of the testicular acini, which include a ciliated epithelial layer (perivisceral epithelium) and two basal laminae that sandwich a smooth muscle layer. Centrad to these layers is the basal germinal epithelium (BGE), which contains the spermatogenic cells and nutritive phagocytes (NPs). The BGE extends centrally to the lumen in which the mature spermatozoa accumulate.
Subsequent studies have focused on cells of the BGE. Holland and Giese (1965) used autoradiographic techniques to determine the times spent in the various phases of spermatogenesis. S. purpusatus spermatogonia and primary spermatocytes were labeled with [ 3H]-thymidine and followed through spermatogenesis. The observed interval from primary spermatocyte to early spermatid stages was 6 days, and from early spermatid to mature spermatozoon 4 days. In addition, the changes in size and internal constitution of the NPs during spermatogenesis led to the hypothesis that they are involved in recycling nutrients from phagocytosed sperm. Some time later, Longo and Anderson (1969) provided the most detailed descriptions of S. purpuratus and A. punctulata BGEs. Their EM studies showed the NPs (referred to as interstitial cells in their report) in intimate association with the spermatogenic cells. The spermatogenic cells and their differentiation through spermiogenesis were also shown at the ultrastructural level, illustrating the condensation of the nucleus, the fusion of the mitochondria to form the midpiece, and formation of the flagellum. Most recently, POCcia (1988) reexamined germ line differentiation in sea urchins and reported culturing techniques that promote at least partial spermatogenesis in testis explants in vitro. With [ 3H]-thymidine labeling and autoradiography, his studies showed a mean time of 10 days for development from spermatogonium to mid-spermatid, quite close to the in vivo times reported by Holland and Giese (1965) .
In the present study we report staining techniques and provide low-magnification light and electron micrographs that contribute further to our understanding of how somatic and spermatogenic cells are arranged in the sea urchin testis through the reproductive season. In addition, we employ immunocytochemical techniques to localize a 210 KD sperm surface glycoprotein within the testis and to determine in which cells this glycoprotein is synthesized. The 2 10 KD glycoprotein is recognized by monoclonal antibody (MAb) J18/2. Indirect immunofluorescence studies on dissociated spermatogenic cells have shown that the 210 KD glycoprotein localizes to the acrosome and tail regions late in spermiogenesis (Nishioka et al., 1987) . Although its exact function remains undetermined, its involvement in fertilization processes remains well substantiated. It has been implicated as a Ca2+ channel or Caz+-channel regulator (Trimmer et al., 1985 (Trimmer et al., ,1986 and, as such, has been shown to be involved in the sperm acrosome reaction (Trimmer, 1987; Trimmer et al., 1985) . Soon after the acrosome reaction, the 210 KD glycoprotein disperses over the entire surface of the spermatozoon and, after fertilization, disperses over the surface of the egg (Nishioka et al., 1989) . In addition to determining in which cells of the testis and at what stage of spermatogenesis the 210 KD glycoprotein first appears, the present study asks how this glycoprotein becomes sitespecifically localized to the acrosome and tail regions in the mature spermatozoon. Our immunocytochemical studies at the ultrastructural level reveal the presence of intracellular vesicles that appear to be an intermediate stage in this localization.
Materials and Methods
Animals. Sea urchins. Strongyfocentrotus purpuratus, were purchased from Pacific Biomarine Laboratories (Venice, CA) and Marinus (Long Beach, CA) and were maintained at 15°C in Instant Ocean refrigerated aquaria containing Instant Ocean synthetic sea water. Sexes were determined by inducing the urchins to spawn by intracoelomic injection of 0.55 M KCI.
Monoclonal Antibody JlSl2. Tissue culture supernatant containing MAb J18/2 was generously provided by Drs. J. S. Trimmer and V. D. Vacquier of the Scripps Institution of Oceanography, University of California, San Diego. The hybridoma that produces MAb J18/2 was obtained from the fusion of spleen cells from a Balb/c mouse immunized against S. purpnratus sperm membrane vesicles prepared according to Podell and Vacquier (1984) with cells of the myeloma cell line SP2/0 as described previously (Trimmer et al., 1985 (Trimmer et al., ,1986 . Tissue Fixation. Testes were excised, cut into approximately 1-cm3 explants, and washed overnight in artificial sea water (ASW) (Harvey, 1956) at 4'C. The explants were fixed for 2 hr in Millipore-filtered ASW (h4FASW) containing 3% padomaldehyde and 0.1% monomeric glutaraldehyde (Sigma, St. Louis, MO).
Immunocytochemistry on Frozen Tissue Sections. Fixed tissue was placed in 25% sucrose and maintained at 4'C until the tissue was no longer buoyant. The explants were then frozen in liquid nitrogen and stored at -70°C until sectioning with a Bright 5030 microtome-cryostat, Frozen sections were placed on gelatin-coated slides and stored at -20'C until use. All immunocytochemical incubations were performed at room temperature in ASW-saturated chambers by adding 10-20 drops of each treatment directly to the sections mounted on slides. Nonspecific protein bindmg sites were blocked with three 10-min incubations in MFASW containing 1 mglml bovine serum albumin and 1 mg/ml glycine. The sections were then exposed for 1 hr to MAb J18/2 diluted 1:10 in blocker, washed three times with blocker (10 min each), and exposed for 1 hr to rhodamineconjugated goat anti-mouse IgG (Sigma) diluted 1:250 in blocker. After washing twice with MFASW and once with distilled water, the sections were mounted under a coverglass with one drop of Mowiol 4.88 (Calbiochem; La Jolla, CA) (Osborn and Weber, 1982) and observed with a Zeiss Axiophot microscope equipped with phase-contrast and fluorescence optics.
Immunogold Electron Microscopy. Fixed tissue was washed in ASW and post-fixed in 1% osmium tetroxide ( 0~0 4 ) in MFASW. After dehydration in ascending concentrations of ethanol (30%, 50%, 70%, 95%, loo%, loo%, 5 min each), the tissue was embedded in either Epon 812 or Spurr's (Spurr, 1969) embedding medium and polymerized at 45'C. Alternatively, post-fixation in os04 was eliminated and the tissue was embedded in LR White embedding medium and polymerized in a vacuum oven at 40°C. Thin sections (70-90 nm) were cut with a DDK diamond knife on a Porter-Blum MT2 ultramicrotome. Sections were floated onto nickel mesh or formvar-coated slotted grids.
Post-embedment immunogold labeling was performed as described by Nishioka et al. (1990) . Briefly, Spurr's-embedded tissue was etched with 0.1 M sodium metaperiodate for 20 min. This step was not necessary for the hydrophilic LFi White-embedded tissue. Grids were placed in blocker (see above) for 1 hr, exposed to a 1:lO dilution of MAb J1812 in blocker for 2 hr, washed in blocker for 30 min, and exposed to goat anti-mouse IgG conjugated to 20-nm gold particles (EY Laboratories; San Mateo, CA) for 2 hr. The sections were then washed in blocker and distilled water for 30 min each and stained with 5% aqueous uranyl acetate in methanol for 4 min and lead citrate for 3 min. Grids were examined with a JEOL JEM-1200EX transmission electron microscope operated at 80 kV.
Immunolabeling Controls. Control tissue sections were treated identically to the experimental sections except that the primary antibodies were excluded from the blocker for that incubation. Background labeling was not significant in any of the preparations.
Staining of Testis Sections. To aid in identifying and differentiating testicular cells and compartments, frozen testis sections were placed on gelatin-coated microscope slides, stained with Harris' hematoxylin for 45 sec, and counterstained with 0.05% fast green in 95% ethanol for 30 sec.
Plastic thick sections (1 m) were placed on microscope slides and stained with 0.5% methylene blue, 0.5% azure A in 0.5% sodium borate.
Results

SeasonaZ Changes in Testicular Morphology
Sea urchin testes are pentastellate in form, each arm composed of thousands of acini branching from a central collecting duct that leads to a gonopore on the aboral surface of the sea urchin through which sperm are released during spawning. In an effort to differentiate the major regions of sea urchin testicular acini, frozen testis sections were subjected to a variety of staining protocols. A procedure using Harris' hematoxylin and fast green as a counterstain (see Materials and Methods) clearly differentiates an outer basal germinal epithelium (BGE) containing the developing spermatogenic cells and supporting somatic cells and tissues from a lumen containing the fully differentiated spermatozoa (Figure 1 ). In color photomicrographs the BGE appears dark crimson and the lumen appears light green.
S. purpuratur is a winter breeder, its reproductive season extending from November to March. Figure 2 shows photomicrographs of plastic thick sections of testes fixed early (November), midway (January), and late (March) in the reproductive season. Staining is with methylene blue and azure A (see Materials and Methods), which provides higher and more definitive resolution of the BGE and lumen and clearly illustrates the gradient of meiosis and differentiation of germ cells within the testis. Early in the reproductive season (Figure 2a ). the outermost monolayer of cells is the perivisceral epithelium ( P E ) . These oblong ciliated cells have large columnar nuclei which comprise most of the cells. Beneath the PVE is the connective tissue layer (CT) containing smooth muscle, some undefined fibrous material, and two or three layers of basal laminae. These peripheral layers do not appear to change dramatically during the reproductive season. However, when the animals are induced to spawn by injection of KCI the muscle layer can be seen in a contracted state. This change is made apparent by the wavy appearance of the tissue in cross-section and a change in position of the PVE cells from horizontal in the uncontracted state to vertical in the contracted state. Proceeding towards the lumen there is a thick layer of polygonal stem cells, the spermatogonia. These cells are identifiable not only by their locations in the BGE but also by their shapes and heterochromatic nuclei. Other cells within the BGE include the nutritive phagocytes (NP) which, as noted previously by Longo and Anderson (1969) . can be up to 35 pm in diameter. The displacement of the NPs away from the periphery of the testis displayed in this section is characteristic for the early stage of the reproductive season, as is the circular shape of the NPs. The darkly staining bodies within the NPs are glycogen granules, and the more lightly staining bodies are lipid granules. Luminal to the spermatogonia are several layers of primary and secondary spermatocytes that converge into the spermatogenic columns located between adjacent NPs and in which the spermatocytes undergo further differentiation. The spermatocytes, which are more spherical than the spermatogonia but less spherical than the spermatids, are often observed in groups of cells positioned luminally to the spermatogonia but peripherally to the spermatogenic columns. Cell sizes decrease within the spermatogenic columns as one proceeds from basal to luminal extents of the columns. This size decrease is correlated with increased condensation of the nuclei as the spermatids proceed from the early to late stages of spermiogenesis. No fully mature spermatozoa are present in this micrograph.
As the reproductive season progresses, the spermatogonia become fewer in number and are displaced from the base of the testis (Figure 2b) . They are usually found in groups of cells separated from other groups by NPs that have become more elongated and fusiform as they extend from the periphery to the lumen of the testicular acinus. Residual bodies containing partially digested spermatozoa are evident within the NPs, suggesting a phagocytic role for this cell type. More spermatocytes and spermatids are present at this time in the reproductive season as the spermatogenic columns become more evident. In the more luminal regions of the spermatogenic columns, mature spermatozoa, identifiable by their highly condensed and conical heads, become apparent during this time of the reproductive season.
The most extensive changes in the testis occur late in the reproductive season (Figure 2c ). The BGE becomes greatly reduced, containing only very few spermatogonia to serve as stem cells for the next reproductive season. No spermatogenic columns containing spermatocytes and spermatids are evident. Instead, a very distended lumen containing mature spermatozoa is bordered by a layer of NPs which, in addition to the few residual spermatogonia, is presumably all that is left of the spermatogenically active BGE observed earlier in the season. After spawning the BGE remains inactive and the testis remains diminished until the next reproductive season.
Locuhzution of a 210 KD Sperm Surface Antigen
To further study the differentiation of spermatogenic cells within the testis, immunohistochemical techniques were applied to frozen and plastic sections. MAb J18/2, which recognizes a 210 KD sperm surface antigen, was used as the primary antibody. Fluorescent (rhodamine) or gold-conjugated secondary antibodies were used to visualize the antigen in testis sections. Figure 3 shows the phase-contrast and corresponding indirect immunofluorescence images of testicular acini from a testis fixed in the middle of the reproductive season. At low magnification the majority of signal emanates from the BGE, with relatively little appearing to emanate from the lumen where the mature spermatozoa reside ( Figure  3a ). Only on higher magnification does luminal labeling become apparent (Figure 3b ). The punctate signals within an amorphous to discretely linear labeling pattern surely represent the site-specific labelings over the acrosomes and tails reported earlier for individual spermatozoa (Nishioka et al., 1987 (Nishioka et al., ,1989 Trimmer and Vacquier. 1988) , but with less resolution in the highly concentrated suspension of spermatozoa within the lumen.
Examinations of testes at the electron microscopic level employing , I I . immunogold labeling techniques also reveal the presence of the 210 KD antigen in cells of the BGE. Figure 4 is a low-magnification electron micrograph of the BGE from a mid-season specimen. The number and placement of the spermatogonia, as well as the large numbers of early to late spermatids, are indicative of mid-season testes. NPs are clearly demarcated, some containing residual bodies in which partially digested sperm structures are still identifiable (arrow). The windows framed in Figure 4 enclose representa-tive spermatogenic cells which, at higher magnification, show the immunogold localizations of the 210 KD antigen (Figures 5a-5c ). Figure 5a shows a representative spermatogonium as determined by its shape and peripheral location. It is evident that the immunogold particles associate with this cell above background levels and are distributed evenly throughout the cytoplasm, except in the regions of particular cytoplasmic vesicles. The adjacent cells, which also appear to be spermatogonia but much ofwhose cell bod- ies lie outside the plane of the section. also show even cytoplasmic labeling. Two of the cells show labeled vesicles (small arrowheads) near Golgi apparatuses (arrows), which may suggest a site of origin for the vesicles and the 210 KD antigen. It is also observed that when tails from more mature spermatogenic cells happen to be present in the section, they too are labeled (large arrowhead). Figure 5b shows a primary spermatocyte with a large circular nucleus. As in the earlier cells, the label may be distributed throughout the cytoplasm or concentrated in vesicles, one of which is visible in this micrograph (arrowhead) . The adjacent cell also shows a labeled vesicle (arrowhead), in this instance, and as observed earlier, in close proximity to a Golgi apparatus (arrow). The primary spermatocyte also contains what appears to be an axoneme in its peripheral cytoplasm. Flagella have been identified in early spermatogenic cells of the Japanese sea urchin, He~icentrotuspu/cberrimus, but are absorbed before the meiotic divisions (Kato and Ishikawa, 1982) . Given that the structure shown in Figure 5b is an absorbed flagellum in S. purpuratus, the lack of label shows that it contains no antigenic sites recognized by MAb J18/2 in common with the surface sites over the tails of mature spermatozoa. In addition, labeling would not be expected because MAb J18/2 was generated against plasma membrane components of mature spermatozoa, not against internal axonemal components.
The cells in Figure 5c are mid to late spermatids, as judged by their reduced size, diminished cytoplasm, and increased condensation of nuclei. By these late stages in the spermatogenic process, the label becomes even more localized to the intracellular vesicles. with relatively little distributed evenly throughout the cytoplasm. Therefore, the spermiogenic process includes this apparent packaging of the 210 KD sperm surface antigen. Figure 6 shows the immunogold labeling pattem for a representative luminal (mature) spermatozoon. Label is detected not only over the surface of the acrosomal region but also within the acrosome itself, suggesting that the labeled vesicles produced earlier in spermatogenesis eventually contribute to the acrosomal vesicle of the mature spermatozoon. Another site to which the vesicles presumably contribute is the tail, several of which are shown in longitudinal section with obvious labeling.
Discussion
In the sea urchin testis. spermatogenic cells proceed through typical spatial and temporal gradients of meiosis and differentiation. The stem cells are localized in the most basal regions of the testicular acinus. These spermatogonia undergo mitotic divisions to produce primary spermatocytes which, in tum. undergo two meiotic divisions to produce secondary spermatocytes and spermatids, each division producing daughter cells that are located more luminally than the mother cell. Immediately after the production of the haploid spermatids the process of spermiogenesis occurs, which proceeds even more luminally and in which the fully differentiated spermatozoa are produced. The somatic cells and tissues in the testis include the perivixeral epithelium ( P E ) , which encapsulates the testis, theconnective tissue layers, and the nutritive phagocytes (NPs).
Our results, showing the changes in testicular morphology and composition throughout the reproductive season, raise interesting questions. The distribution of the spermatogenic cells is clearly in a dynamic state. The spermatogonia are large. irregularly shaped, and closely clustered in the most basal regions of the testis early in the season, without interruptions from the NPs. As the season progresses the clusters become dispersed, apparently as a result of the NPs having undergone elongations and changes in alignment that come between adjacent spermatogonia. Spermatocytes are recognized by their less angular and more rounded shapes and are also often found in clusters. During the middle of the season, when spermatogenic columns become evident. it is possible to identify spermatocytes, spermatids, and spermatozoa along the basal-lu-mina1 gradients of the columns. All of these cells appear to be in close apposition to NPs that have become elongated to span the entire basal-luminal extents of the basal germinal epithelium (BGE). The obvious question arising from these observations is what contributions. if any. the NPs make to the spermatogenic cells. Are there interactions similar to those in mammalian systems in which Sertoli and Leydig cells aid in the development and differentiation of spermatozoa? It appears that such potential exists. because close associations between NPs and spermatogenic cells have in fact been observed (unpublished results). In addition, it is not uncommon to detect phagocytosed spermatozoa within midual bodies of NPs. nor is it uncommon to observe NPs in the process of phagocytosis. The signals involved in this phagocytosis are unknown. Late in the reproductive season the testis undergoes dramatic changes, with mature spermatozoa filling a distended lumen and with only a few spermatogonia remaining in a much diminished BGE.
One way to approach the questions raised a h is to trace the synthesis and localization ofa particular sperm component through spermatogenesis. That approach was taken in our indirect immunofluorescence and immunogold EM studies reported here. MAb J18/2 recognizes a 210 KD sperm surface glycoprotein that becomes localized over the acrosome and tail regions of the mature spermatozoon (Shen et al.. 1991; Trimmer and Vacquier. 1988; Nishioka et al., 1987) . Our results indicate that this glycoprotein is present in all stages of spermatogenic cells, including the spermatogonia. It was not detected in cells of the perivisceral epithelium or connective tissue, nor in nutritive phagocytes, except where it is associated with phagocytosed sperm within residual bodies. These results are consistent with a generation of the 210 KD glycoprotein within the spermatogenic cells themselves. without contribution from the somatic cells of the testis. A similar conclusion was reached for bindin, the sperm component involved in the species-specific binding ofsperm and egg during firtilization (Nishioka et al.. 1930) . A notable difference from the bindin study is the detection of the 210 KD glycoprotein dispersed throughout the cytoplasm in the earliest spermatogenic cells. Bindin was not detected in early spermato-genic cells, and when it became detectable in later stage cells it was always localized within vesicles (Nishioka et al., 1990) . These results imply that the syntheses of different sperm components is differentially and stage-specifically regulated within the spermatogenic cells of the sea urchin testis.
Differential and stage-specific expression of sperm-specific genes has already been demonstrated at the messenger RNA level by in situ hybridization techniques. Poccia et al. (1989) have shown that the mRNAs coding for the sperm-specific histones Sp H2B-1 of S. purpuratus and Sp H2B-2 of Lytechinus pictus accumulate in a subset of spermatogenic cells morphologically identical to replicating cells pulse-labeled with [ 3HI-thymidine. This localization within the most basal cells of the BGE suggests that sperm-specific histone gene transcription is restricted to spermatogonia and premeiotic spermatocytes and that the resulting "As are degraded rapidly before the early spermatid stage. With the same techniques and under the same hybridization conditions, Nishioka et al. (1990) showed that the mRNA coding for bindin accumulates in a different subset of later-stage spermatogenic cells and persists well into the spermatid stages. Because the 210 KD glycoprotein is present in early spermatogenic cells, we would expect that its mRNA also accumulates early. We are presently attempting to confirm this expectation and to determine whether this mRNA is degraded before the spermatid stage, as are the sperm-specific histone mRNAs, or whether it persists well into the spermatid stages, as does bindin mRNA.
Our immunogold EM studies have revealed the presence of the 210 KD glycoprotein not only over the surfaces of the acrosomes and tails of mature spermatozoa but also within the acrosomes. An intracellular store of the 210 KD glycoprotein has been suggested by the studies of Trimmer and Vacquier (1988) , which demonstrated a reversible aggregation of sperm exposed to MAb J18/2. Disaggregation correlated with the movement of the surface antigens recognized by MAb J18/2 into large agglomerates that are eventually shed from the sperm surface. Moreover, it was found that sperm could undergo several cycles of these aggregationddisaggregations and sheddings of the 210 KD glycoproteins, implying that there is an intracellular store of these antigens. These findings are even more interesting in light of the fact that after induction of the sperm acrosome reaction the 210 KD glycoprotein is found over the entire surface of the spermatozoon (Nishioka et al., 1989) . The acrosomal vesicle could serve as a storage site for the 210 KD glycoprotein which would be externalized during the exocytosis of the acrosome reaction. Adding to the interest in such a scenario is an implied function of the 210 KD glycoprotein as a calcium channel or a calcium channel regulator (Trimmer et al., 1986) . Might these channels or regulators stored in the acrosomal vesicle be transferred to the egg during fertilization? There is evidence that the 210 KD antigen is in fact transferred to the egg surface and that it spreads laterally within the surface after fertilization (Nishioka et al., 1989) , leaving open the possibility of a similar function in the fertilized egg.
